The hypopharyngeal gland (HG) in honeybee workers changes functions according to physiological age in the bee colony from producing royal jelly (RJ) in nurse bees to digestive enzymes in foragers. The same set of secretory cells expresses different genes or proteins to create these age-dependent changes; however, it is unknown precisely how the phosphorylation network regulates physiological differences across the development of the adult worker HG. We employed high-accuracy mass-spectrometrybased proteomics to survey phosphoproteome changes in the newly emerged, nurse, and forager bees. Overall, 941, 1322, and 1196 phosphorylation sites matching 1007, 1353, and 1199 phosphopeptides from 549, 720, and 698 phosphoproteins were identified in the three ages of the HG, respectively. Specialized, interconnected phosphorylation networks within each age were found by comparing protein abundance and phosphorylation levels. This illustrates that many proteins are regulated by phosphorylation independent of their expression levels. Furthermore, proteins in key biological processes and pathways were dynamically phosphorylated with age development, including the centrosome cycle, mitotic spindle elongation, macromolecular complex disassembly, and ribosome, indicating that phosphorylation tunes protein activity to optimize cellular behavior of the HG over time. Moreover, complementary protein and phosphoprotein expression is required to support the unique physiology of secretory activity in the HG. This reported data set of the honeybee phosphoproteome significantly improves our understanding of a range of regulatory mechanisms controlling a variety of cellular processes and will serve as a valuable resource for those studying the honeybee and other insects.
INTRODUCTION
The HG is quite a unique organ that changes its biological function from secreting RJ in nurse bees to producing digestive enzymes in foragers, in accordance with age or role of the adult honeybee in a colony. 1, 2 The grape-like HG is tightly coiled and connected to many acini; each of these contains a dozen secretory cells on both sides of the head of a honeybee worker. The acini size in the HG attains its highest volume around days 6−12. After day 15, the acini begin to shrink. 3, 4 The nurse bees are the major producers of RJ, a proteinaceous secretion that is both functionally important for honeybee biology and human health promotion as a nutrient and defense agent. Conversely, the HG in forager bees begins to secrete enzymes that are responsible for processing nectar into honey by dissociating disaccharides into monosaccharides, the main constituents of honey. 5, 6 These physiological role changes of the HG in nurse and forager bees are also reflected in gene expression, from major RJ proteins (MRJPs) in nurses to α-glucosidase, amylase, and glucose oxidase in foragers. 6 Advances in genomic and proteomic technologies permit an increasing breadth and depth of new insight into honeybee biology at the molecular level. For instance, genome profiles of the HG have been compared among different honeybee species to better understand the molecular details that underpin HG development at the gene level. 7 Recently, proteomics has grown as an emerging tool for revealing the molecular mechanism that supports honeybee biology. This advancement has made significant headway in the study of reproductive biology, 8 embryogenesis, 9, 10 brain, 11 brood , 12, 13 and HG development at the proteome level. 3, 14 Applying the proteome approach, we found that a honeybee line, selected for increasing RJ production from Italian bees (A. m. ligustica) in China, has an altered proteome that permits the HG to produce more RJ than the control line. 3 Overall, with age, the HG undergoes morphological and physiological transitions to adjust its biological imperative in the shift from nurse to forager bee. These age-related morphological and functional changes during the HG development are reflected in the changes in protein/ gene expression or pathways. 3, 6, 7 Reversible protein phosphorylation is one of the most important post-translational modifications (PTMs) in eukaryotes and plays a critical role in regulating diverse cellular processes, such as cell cycle control, differentiation, proliferation, and metabolism. In PTM, protein kinase modifies the target proteins by adding a phosphate group to amino acid residues of serine (Ser), threonine (Thr), and tyrosine (Tyr), and a protein phosphatase removes the phosphate group that has been attached by protein kinase. 15−18 It is reported that dynamic phosphorylation not only plays a key role in regulating the embryogenesis in Drosophila 19 but also changes the abundance of phosphoproteins as a driving force for the embryo-larva transition of worker bees. 20 Moreover, phosphoproteomic technology has been widely used for interrogation of protein level dynamics and the definitive role of phosphorylation in a protein's function, activity, localization, and ligand/ protein interactions in humans, mice, and other organisms. 21, 22 These observations indicate that modification of the phosphorylation pattern is important for differentiation and proliferation in living cells. Although proteome surveys have revealed the mechanism that matches the physiological role shift of HG over the age growth, 3, 6, 7 the mechanism of the phosphorylation dynamic that underlines the physiological role transition of HG during the whole life circle of adult honeybee workers has not yet been discovered.
To understand the phosphorylation events that drive the change in biological functions in honey bee glands, we performed the first time-dependent study on the comprehensive phosphoproteome of the HG throughout the entire adult life of worker bees. Many proteins are regulated by phosphorylation independent of their expression level. The phosphorylated biological processes and pathways are uncovered in an age-dependent way; the phosphoproteome plays vital complementary roles in the proteome to fine-tune their biological functions in preparation for the normal physiological shift of the HG. This data constitutes an important first step into the study of the signaling mechanism in the honeybee and other social insects.
MATERIALS AND METHODS

Reagents
Unless otherwise specified, all chemicals were bought from Sigma-Aldrich (St. Louis., MO). Titanium oxide (Titansphere, 5 μm particles) was purchased from GL Science (GL-Sciences, Japan). Ti 4+ -IMAC material was obtained from Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
HG Dissection and Protein Sample Preparation
Five honeybee (A. m. ligustica) colonies were maintained at the apiary of the Institute of Apicultural Research, Chinese Academy of Agricultural Science, in Beijing. Specific ages of bees were sampled in accordance with the methods described by our group. 3 In short, the newly emerged bees were taken once they emerged from cells (>12 h), and nurse and forager bees were collected on days 10 and 20, respectively. More than 100 bees were collected from each of the five colonies; then, their HGs were dissected, and the samples were pooled and stored at −80°C for later analysis. Three independent biological replicates were produced. To ensure the consistency of morphological modifications with age, all colonies were managed with almost the same population, food, and brood during the nectar flow of chasteberry (Vitex negundo L.) in June. These factors controlled the variability of HG, which can be affected by the environment. The HG image of each age was taken by dissecting 30 bees, from the five colonies, under anatomical microscopy ( Figure 1A ). The average acini diameter of 30 HG at three ages was taken by a scanning electron microscope for statistical analysis, as our method describes ( Figure S1 ). 3 The HG tissue was mixed in ice by pestle homogenization prior to protein extraction. The sample was then mixed with a lysis buffer containing 8 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), 20 mM Trisbase, 30 mM dithiothreitol (DTT), and 2% Biolyte (pH 3−10). To remove insoluble fractions, we centrifuged the sample at 15 000g at 4°C for 15 min. Proteins were precipitated by adding ice-cold acetone to the recovered supernatant at −20°C for 30 min, then centrifuging twice at 15 000g at 4°C for 10 min. The pellets were dissolved in 40 mM (NH 4 )HCO 3 , then reduced with DTT (final concentration 10 mM) for 1 h to prevent reformation of disulfide bonds, and finally alkalized with iodoacetamide (final concentration 50 mM) for 1 h in the dark. The protein sample was digested using sequencing-grade-modified trypsin (Promega, Madison, WI) at 37°C overnight.
Phosphopeptide Enrichment and LC−MS/MS Analysis
To produce an in-depth profile of the HG phosphoproteome, a protocol with complementary efficiency of phosphopeptide enrichment was applied using Ti 4+ -IMAC and TiO 2 chromatography, as previously described elsewhere in another study. 21 Phosphopeptides from each of the HG samples were analyzed on a Q-Exactive mass spectrometer coupled to a two-column EASY-nLC 1000 nanoflow system (Thermo Fisher Scientific). Samples were loaded onto a 2 cm long, 100 μm inner diameter fused silica trap column containing 5.0 μm Aqua C18 beads (Thermo Fisher Scientific) for 2 min in buffer A (0.1% acetic acid) at a flow rate of 5 μL/min prior to analytical separation. Peptides were eluted from the analytical column (15 cm long, 75 μm inner diameter fused silica trap column filing with 3.0 μm Aqua C18 beads, Thermo Fisher Scientific) using 90 min gradient with following conditions: 100% buffer A (0.1% formic acid) to 8% buffer B (0.1% formic acid, 80% acetonitrile) for 5 min, 8−20% buffer B for 55 min, then 20−30% buffer B for 10 min, followed by increase to 100% buffer B for 5 min and 100% buffer B for an additional 15 min. The eluting peptides were directly infused into a Q-Exactive mass spectrometer (Thermo Fisher Scientific) via ESI. MS and MS/MS information were collected in a data-dependent mode using the following settings: one full scan (resolution 70 000 at m/z 400; m/z 300−1800), followed by top 20 MS/MS scans using highenergy dissociation in the linear ion trap mass spectrometer (resolution: 17 500, isolation window: 2 m/z, normalized collision energy: 27) using dynamic exclusion (charge exclusion: unassigned 1, >8; peptide match: preferred; exclude isotopes: on; dynamic exclusion: 10 s).
Database Search and Site Localization
Phosphoproteome raw data were retrieved using Xcalibur (version 2.2, Thermo Fisher Scientific) and were analyzed and processed using in-house PEAKS software (version 7.0, Bioinformatics Solutions). A database containing protein sequences of Apis mellifera (downloaded October 2013) and common contaminants was downloaded with a total of 21 778 entries. Search criteria were trypsin specificity, fixed modification of carbamidomethyl (C)/+57.02 Da, variable modifications of oxidation (M)/+15.99 Da and phosphorylation (S, T, Y)/+79.96 Da, and two allowed missed cleavages per peptide; one nonspecific cleavage at either end of the peptide; and three maximum allowed variable PTM per peptide. Precursor mass tolerance was set at 15.0 ppm, and fragment ion tolerance was set at 0.05 Da. The false discovery rate (FDR) was controlled at both the protein and peptide levels using a fusion-decoy database search strategy with a threshold ≤1.0%, an enhanced target-decoy approach that makes more conservative FDR estimations. 23 The phosphorylation sites were localized in HG proteins using Scaffold PTM (version 1.1.3; Proteome Software, Portland, OR) on the basis of Ascore algorithm. 24 Only when the site confidence was >95% was the site itself considered a mapped phosphorylation site. Abundances of phosphorylation sites were quantified via spectral counting for each localized site for accurate quantitation of phosphorylation sites. 25 
Validation of Phosphorylation Sites
To confirm the localized phosphorylation sites on HG proteins, we commercially synthesized four phosphorylation peptides using a solid-phase, peptide synthesis process (China Peptides, Shanghai, China). The MS/MS spectra compared the digested phosphorylation peptides from HG proteins and the synthetic phosphorylation peptides. When all major ions from the experimental spectrum aligned very closely with the ions from the synthetic version of the same peptide sequence at similar HPLC retention times, it was considered to have validated the sequence (retention time shift tolerance <0.2 min and >90% b or y ions were completely consistent).
Motif Analysis
Protein phosphorylation is catalyzed by its kinases and these enzymes work by recognizing specific sequence motifs which are defined by surrounding serine, threonine, or tyrosine residues in their substrates. 26 To extract motif from all phosphopeptides in the HG, all single phosphorylation sites with a localization confidence >95% were used by the motif-X algorithm (http://motif-x.med.harvard.edu/motif-x.html). 27 The background was the uploaded Apis mellifera proteome (a <10 m database that was randomly generated from A. mellifera proteome), the motif width was 13, occurrences were 20, significance was 1 × 10
, and motifs were extracted separately by pS, pT, and pY sites at position 7. The extracted motifs were used to determine the kinase classes (acidic, basic, prolinedirected, tyrosine and others) based on substrate sequence specificity because the kinase specificity is often defined by amino acid motif surrounding Ser, Thr, and Tyr residue on the substrate proteins. 22 
Quantitation of Phosphoprotein Abundance Level
To quantify the level alteration of phosphoprotein abundance during the three time points of HG development, the label-free strategy was performed with Progenesis LC−MS software (version 4.1, Nonlinear Dynamics, U.K.). Triplicates of each sample were subjected to software for subsequent quantitation analysis. After the data were quality controlled, one run was selected as a reference, followed by automatic feature matching for all runs, with manual editing to correct mismatched and unmatched feature detection. Thereafter, normalization and quantitation were carried out according to our previous method. 9 The differences in the levels of phosphoprotein expression throughout the three development stages were determined by one-way ANOVA using a q value for multiple tests in the software. The differences of phosphoprotein abundance levels were taken as statistically significant when they contained at least two-fold changes and p < 0.05.
Bioinformatics Analysis
To better understand the biological implications of the identified phosphoproteome in the HG of the honeybee, we assigned Drosophila orthologs of bee proteins a Uniprot identifier by searching the Uniprot database. The unique identifiers of Drosophila orthologs of bee proteins, identified in the HG, were used as an input for functional analyses using ClueGOv2.1.6, a Cytoscape plug-in (http://www.ici.upmc.fr/ cluego/). 28 The significantly enriched, functional gene ontology (GO) categories in biological processes and pathways were reported using a right-sided hypergeometric test. This test compares the background set of GO annotations in the entire
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Article Drosophilae genome and then does an FDR by Bonferroni stepdown test to correct the p value. The nodes in functionally grouped networks were linked based on their kappa score level (0.4) in ClueGO.
Phosphorylation is one of the important effects in regulating physical interactions among proteins. To better understand these interactions among the phosphoproteins that are regulated during the HG development, we constructed protein−protein interaction (PPI) networks from large-scale interaction and functional association databases with GeneMA-NIA. 29, 30 High-confidence Drosophilae data sets (passing the cutoff threshold in 3/3 experiments) were entered into GeneMANIA with the following settings: all networks enabled, equal weighting by biological process, and 10 related genes displayed. The GO category enrichment in the input data set was performed using a right-sided hypergeometric test in GeneMANIA as above, and the FDR was done by q values. Significantly enriched GO categories and their associated q values were reported. For each GO category enriched in the interaction network, the number of genes in the interaction network annotated in that category as well as the number of total genes in the Drosophilae genome annotated with the same GO category were also reported.
Quantitative Real-Time PCR (qPCR)
To survey the differentially expressed proteins at the gene level in the ribosome pathway, we also ground the HG tissue by pestle in ice. Total RNA was extracted from the HG of differently aged bees using TRIzol reagent (Invitrogen, USA) according to the manufacturer's instructions and quantified with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). The quality and the integrity of total RNA were tested by 1.0% agarose gel electrophoresis by visualizing the bands of 28S RNA, 18S RNA, and 5S RNA. Then cDNAs were generated using reverse-transcriptase kit reagents (Transgen, China). Two highly abundant proteins in the ribosome pathway were selected for qPCR analysis (60S acidic ribosomal protein p1, RpLP1, and 60S acidic ribosomal protein p2, RpLP1). qRT-PCR was performed using specific primers (RpLP1, forward: 5′-TGTTGATGTGGAATCTTAT-′3, reverse: 5′-CAGGTT-CTTCTTTCTTCT-′3; RpLP2, forward: 5′-AATTATTAT-CTATGCCAGTTG-′3, reverse: 5′-CCATATCATCATCTT-CTGA-′3) in triplicate. PCR amplification and data collection were conducted by a iQ5Multicolor Real-Time PCR Detection System (Bio-Rad, Hercules, CA). The reference gene used to normalize the data was glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Both the gene expression and statistical analysis of gene expression were performed according to our previous protocols. 9, 21 3. RESULTS
Phosphopromic Profiling of Three Ages of HG
To obtain a large-scale data set of phosphorylation sites and phosphoproteins in the HG throughout the entire life cycle of the adult worker bees, we sampled the HG of newly emerged, nurse, and forager bees. A systematic investigation approach was performed with the complementary phosphopeptide enrichment method, using IMAC +4 and TiO 2 chromatography and MS-based high-throughput proteomics. Applying FDR cutoff criteria at the peptide and protein levels, localization of each site on each phosphopeptide was done using an Ascore algorithm at a 95% confidence level. (The annotated spectra of all phosphorylated peptides are shown in Figure S2 ; data available at http://apisomics.com/publication/data/ Supplementary_Figure_S2.pdf.) Given that the secreted proteins or RJ proteins may be present in the HG tissues, we predicted secreted proteins in our data set using SignalP 31 (Dcut off for SignalP-noTM networks was 0.5 and the whole data set was analyzed) and carefully checked the currently 81 known RJ proteins. 32−34 There were 17 proteins identified as secreted ones and removed from our proteins list (Table S1 ). Of the proteins expressed by the HG, 601, 755, 643 phosphopeptides carrying 555, 737, and 616 phosphorylation sites corresponding to 480, 586, and 569 proteins were identified by TiO 2 chromatography, while 786, 1100, and 976 phosphopeptides harboring 738, 1111, 1027 phosphorylation sites in 523, 681, 661 proteins were identified by IMAC +4 enrichment in newly emerged, nurse, and forager bees, respectively (Tables S2 and  S3 ). By applying the complementary strategy of phosphopeptide enrichment using IMAC +4 and TiO 2 consecutively, a substantial increase in the number of phosphopeptides was identified and in turn produced a significant increase in phosphoproteome coverage in the HG ( Figure S3 , Table S2 ). The final data set contained 941, 1322, and 1196 phosphorylation sites, matching 1007, 1353, and 1199 phosphopeptides (Table S2 ) from 549, 720, and 698 phosphoproteins (Table  S3) in the newly emerged, nurse, and forager bees, respectively. Overall, the identified phosphorylation sites and phosphoproteins across the three ages of the HG were assigned as 1936 nonredundant sites and 954 protein forms (Table S3 ). All of the observed phosphorylation sites and phosphoproteins were previously unreported. Four representative phosphorylation sites were validated from artificial synthetic phosphopeptides ( Figure S4 ).
Age-Dependent Distribution of Phosphorylation Sites
After evaluating the number of matched phosphopeptide spectra, unique sites, and total phosphoproteins, an age-specific variation was observed. The nurse bees have the highest numbers of identified phosphopeptides, phosphorylation sites, and phosphoproteins, while newly emerged bees have the lowest numbers ( Figure S5A ), indicating the difference in complexity and intracellular signaling across age-related HGs.
When examining the frequency among all identified phosphosites, Ser phosphorylation was the most observed (88.0%), followed by Thr (11.4%) and Tyr (0.6%). Phosphorylation at Ser residues, rather than Thr and Tyr, comprised the vast majority of identified phosphosites, reflecting a strong priority for Ser phosphorylation in this study ( Figure S5B ), and this tendency is consistent over the three ages ( Figure S5B ). Through analyzing the numbers of sites within each phosphoprotein, 57.1% of proteins were phosphorylated on 1 residue, whereas 42.8% were phosphorulated on 2 or more residues and only 1.5% were phosphorylated on more than 10 sites ( Figure S5C ). In all, the most HG proteins were phosphorylated on single site and some were modified on multiple sites.
Of the identified phosphoproteins, only a small number of Ser, Thr, and Tyr residues within each protein were phosphorylated ( Figure S5D ). In general, 2.07% of these residues were phosphorylated, whereas the extent of modification for each residue varied: Ser, 3.82%; Thr, 0.83%; Tyr, 0.06%. Although similar extents of phosphorylation were observed between nurse and forager bees, a relatively low extent occurred in the HG of newly emerged bees ( Figure  S5D ).
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To evaluate site distribution, we counted the number of phosphorylation sites observed in each age of HG samples ( Figure 1B) . Nearly 47.84% of the sites were uniquely detected in a single-aged sample, while about 27.22% were shared among the three-aged samples and about 24.94% were found in two of the samples. Of the unique sites observed in three of the HG samples, most were found in nurse bees (46.96%), foragers had 30.87%, and the newly emerged bees contained 22.17%. To better assess age-dependent distribution, we show in Table 1 the representative age-specific phosphorylation sites. These sites are derived from proteins with variable levels of abundance, including nucleolar protein 12 and periodic tryptophan protein 1 homologue, which were highly expressed in newly emerged bees. On the contrary, heat shock protein beta-1-like isoform X1 and the trichohyalin were found in low quantities in newly emerged bees and forgers, respectively. For comparison, Table 2 shows the representative proteins bearing global phosphorylation sites. Examples were 60S acidic Table 1 chooses abundant phosphorylation sites that were found in only one of newly emerged, nurse, and forage hypopharyngeal gland, listed by protein and bees of different age. Age-specific sites are shown for all three aged hypopharyngeal glands of honeybee workers. b Novel site is decided according to whether the site has been reported with protein post-translational modifications in Apis melliferaor not.
c Site class is assigned by a decision tree algorithm: A = acidic; B = basic; O = other; P = proline-directed; T = tyrosine.
d Number of spectral count in a protein of newly emerged, nurse, and forager bees.
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Article ribosomal protein P2, and 5′-AMP-activated protein kinase subunit beta-1 isoform 1. Alhough some sites were modified in all three ages of samples, extensive age-specific phosphorylation signifies the biological implication of time-resolved phosphoproteomics. First, even if commonly expressed proteins displayed significantly different phosphorylation profiles across ages, the heavily phosphorylated intracellular protein transport protein USO1 (10 sites) harbored age-specific sites (S1169 and T155). Second, many proteins were expressed only at a distinct age and could be phosphorylated only at the specific age of the HG in which they were expressed. The proteins nitrilase homologue 1-like (forager), putative leucine-rich repeatcontaining protein DDB_G0290503-like isoform X3 (nurse), and nucleolar protein 12 (newly emerged) were found only in single ages. These observations indicate that temporal analysis is effective for comprehensive profiling of phosphoproteomics in the honeybee HG.
To compare the phosphorylation profiles for the three timepoints of HG development, we used total spectral counts for hierarchical clustering to estimate each site's abundance level within each age of the HG ( Figure 1D ). On the basis of their site clustering phosphorylation profiles, the nurse and forager bees showed similarly high levels of site abundance, likely Tables S1 and S2 . b Novel site is decided according to whether the site has been reported with protein posttranslational modifications in Apis mellifera.
c Site class is assigned by a decision tree algorithm: A = acidic; B = basic; O = other; P = prolinedirected; T = tyrosine.
d Number of spectral counts in a protein of newly emerged, nurse, and forager bees.
Article indicating stronger and more distinct HG secretary activity of cell signaling compared with that of newly emerged bees.
Two Kinase Classes Phosphorylated Most HG Proteins
Kinases in different pathways often utilize the same general motif; therefore, using this simplified kinase categorization, all kinase can be divided into five classes (acidic, basic, prolinedirected, tyrosine, and others) on the basis of a decision tree. 22 This indicates that the known motif decides the specific kinase class. On the basis of the extracted motif from the phosphorylation data set, we found only proline-directed and acidic kinase classes with almost equal abundance (motif information seen Table S4 ). This suggests that phosphorylation events in the HG are mainly accomplished through these two distinct kinase classes to maintain its protein phosphorylation networks ( Figure 2A) . Again, when sites were grouped into age-specific, shared by two ages, and globally abundant phosphorylation, similar proportions of the two site classes were observed ( Figure 2B ). When analyzing the distribution of phosphorylation classes within each phosphoprotein and hierarchical clustering, a heat map represented a quite distinct pattern ( Figure 2C ). 94% percent of phosphoproteins bore sites from single kinase classes, either proline-directed or acidic, and 6% had sites from two classes ( Figure 2D ). Among these, two variably phosphorylated proteins are serine/arginine repetitive matrix protein 2-like isoform X3, an enzyme involved in mRNA processing, and abhydrolase domain-containing protein DDB_G0269086-like isoform X1 ( Figure 2E ). Each was phosphorylated across its length and contained sites targeted to two kinase classes. Individual sites showed distinct agerelated profiles. In some cases, pairs of sites within the same class showed similar phosphorylation patterns; however, even within the same protein, different sites within the same class often showed variable patterns of modification.
Comparing Protein Abundance and Phosphorylation Measurements Reveals Real Differential Protein Phosphorylation
Protein phosphorylation is usually represented in a variation of protein abundance and site-specific phosphorylation. To differentiate between these two mechanisms, we compared our phosphoproteomic data with previously reported proteomic ones 3, 14, 35 in the HG across adult life stages. Overall, 1834 proteins were identified in the HG, only 11.5% of which overlapped between two data sets ( Figure 3A , Table S5 ). This overlap was consistent over the age groups ( Figure 3B ). 880 proteins were exclusively identified in nonphosphorylated forms, whereas 744 proteins were detected in the phosphorylation data alone. The almost equal number of phosphoproteins identified here compared with the previously reported proteome of HG 3, 14, 35 and other eukaryotic proteins (1/3 phosphorylated) 36 indicates that our protocol is robust and covers the phosphoprotome to an unprecedented degree in the honeybee.
To test whether changes in phosphorylation might be actually due to changes in protein expression, we also measured changes in protein abundance at each time period. The overall expression profiles of phosphoproteome and proteome 3, 14, 35 were not always consistent over the age development ( Figure  S6A ). To further focus on the overlap of phosphorylated and nonphosphorylated proteins (210 proteins), we clustered their abundance levels based on spectral counts within each age of the HG. Interestingly, the proteome profile was relatively stable 
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Article over the course of HG development, whereas the phosphoproteins were more variably expressed than their unmodified forms ( Figure 3C ). For example, the expression profiles of phosphorylated and nonphosphorylated eukaryotic translation initiation factor 4 gamma ( Figure 3D-1 ) and protein LSM14 homologue B−B were quite divergent ( Figure S6B ). On the contrary, phosphorylated and nonphosphorylated myb protein X ( Figure 3D -2) and heterogeneous nuclear ribonucleo protein Uprotein 1 were consistent ( Figure S6B ). Moreover, considerable variability was observed for four proteins' individual sites over the age development stages ( Figure 3E , Figure S6C ). Collectively, these results indicate that protein abundance and phosphorylation levels are not correlated and in turn reveal real an age-dependent differential phosphorylation event during HG development.
Functional Category and Pathway Enrichment of Phosphoproteins
To determine whether the identified phosphoproteins play a role in any biological/signaling pathways, the identified phosphoproteins in the three ages of the HG were analyzed and compared using ClueGO to detect significantly enriched KEGG pathways and GO terms. In the young HG, mitotic spindle elongation (p = 1.53 × 10 ), and the ribosome (2.39 ×
10
−15 ) were significantly enriched ( Figure 4A , Table S5 ). In nurse bees, centrosome cycle (p = 1.62 × 10 −11 ), mitotic spindle elongation (p = 1.68 × 10 −12 ), macromolecular complex disassembly (p = 1.58 × 10 −7 ), and ribosome (p = 5.25 × 10 −16 ) were also significantly enriched ( Figure 4B , Table  S5 ). Finally, mitotic spindle elongation (2.47 × 10 −17 ), centrosome organization (7.69 × 10 −17 ), and ribosome (1.75
) were also significantly enriched in the forager HG ( Figure 4C , Table S5 ). The multiplicity of the enriched different functional categories suggests that the HG employs a distinct global phosphorylation modification signaling at different ages, with a role in modulating the function of different classes of proteins to support the physiological role of the HG. Strikingly, ribosome pathways were commonly enriched across differently aged developmental stages, showing that the translation process is highly regulated by phosphorylation. To gain a deeper insight into the differences of the biological roles, our phosphoproteome was compared with a nonphosphoproteome. 35 We found that the pyruvate metabolic process, muscle cell development, and pole plasm mRNA localization were complementarily enriched in both young and nurse bees, whereas only the first two groups were complementarily enriched in foragers in an unmodified data set ( Figure 4D −F, Table S6 ).
To gain further insight into functional categories that are highly activated at different stages of the HG development, we 
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Article also analyzed 238 phosphoproteins with a change of expression in levels throughout the HG growth ( Figure 5 , Table S7 ). Among the 238 differential phosphoproteins, expression levels of some proteins were in accordance with the site abundance levels such as 60S acidic ribosomal protein P2, while others were not, such as nipped-B protein precursor ( Figure 5 ), further suggesting that phosphorylation is not related to the protein expression level. Of the 132 up-regulated phosphoproteins in the young HG, mitotic spindle elongation (p = 7.63 × 10 Table S6 ). In general, phosphorylation is highly induced in these functional categories to enhance the distinct biological demands of the HG during different physiological stages.
Age-Specific Kinome Profiles
Kinases are pivotal regulators of phosphorylation dynamics in cellular signaling and in turn are often regulated by phosphorylation. Of the 51 identified kinases, 29, 41, and 34 were found in newly emerged, nurse, and forager HGs with some being globally expressed and some being age-specific ( Figure 6A ). In general, similar kinome profiles were observed in the nurse and forager HG, whereas the young HG was distinct. For instance, 5′-AMP-activated protein kinase subunit beta-1 isoform 1, a positive regulator of AMP-activated protein kinase (AMPK) activity affecting the enzyme activity and cellular localization of AMPK via phosphorylation, 37 was downregulated as age increased. Dual-specificity mitogen-activated protein kinase kinase hemipterous, associated with establishment of the dorsal epidermis, 38 was up-regulated, while cyclindependent kinase 10 was consistently expressed over the different ages (Table S8) . Despite larger numbers of proteins having been identified in unmodified forms in the HG, 35 only 
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Age-Specific Phosphorylation within Protein Interaction Networks
When mapping phosphoproteins identified in each development stage of the HG onto a PPI network, all of the significantly enriched functional categories in the above GO functional analysis were also statistically overrepresented in the interaction network ( Figure S8 ). This further supports the fact that phosphorylation is an important regulator of protein function in the PPI for a well-functioning HG. Protein phosphorylation was also significantly overrepresented in the network. Of the commonly represented functional categories and pathways, that is, mitotic spindle elongation and ribosomes, each interaction network shows distinct phosphorylation patterns ( Figure S8A ). One representative category is that of mitotic spindle elongation, one of the most dramatic and highly regulated steps during the cell division process of the metaphase-to-anaphase transition. The high number of phosphorylated proteins implicated in mitotic spindle elongation in network phosphorylation is in line with the thinking that spindle elongation is highly controlled by phosphorylation, coordinating with cell cycle progression. 39 As for the protein phosphorylation, it also displayed age-specific network expression; some kinases commonly existed in the phosphorylation network such as CDK 12, while some were expressed in the network in an age-related manner such as wts (serine/ threonine-protein kinase ULK2), which was only represented in the phosphorylation network of nurses and foragers. Reversible protein phosphorylation modifications are essential to cell-signaling networks in transmitting environmental cues. They must sense and respond to signals from the surroundings of a cell to relay and amplify the initial signal through tandem and ordered phosphorylation of constituent pathway proteins. As one of the most ubiquitous and important pathways in the HG, the ribosome is the workhorse of biological protein synthesis (translation). It mediates cellular responses that the small ribosomal subunit senses and reads the RNA message, and the large subunit forms amino acids into a polypeptide chain. 40 To survey differences in ribosome signaling across different ages of the HG, we overlaid each aged phosphoproteomic profile onto a ribosome pathway ( Figure 7A ). As expected for a central signaling pathway, much of the network was globally utilized; however, age-specific patterns were also apparent. Although signaling from 60S acidic ribosomal proteins P1, P2 (LP1, LP2) to 40S ribosomal proteins S3a (S3Ae) and 40S ribosomal proteins S27 (S27) was found in all three ages of HG, 40S ribosomal protein S16 (S16e) was phosphorylated in both nurses and foragers, and 60S ribosomal protein L7a (L7Ae) and 40S ribosomal protein S11 (S11e) were modified only in newly emerged and forager HGs, respectively ( Figure 7A ). We selected highly abundant LP1 and LP2 with altered levels of expression over the three ages to examine the tendencies of expression at both the gene and protein levels. The two proteins displayed a consistent trend in expression between the protein and its encoding gene ( Figure  7B ).
DISCUSSION
The HG of the honeybee is a functional center involved in both the production of brood food (RJ) in young nurse bees and the digestion of enzymes in older foraging workers. 5 The same group of secretory cells of the HG expresses different genes/ proteins in accordance with changes in behavior to accomplish this significant role change with over time. 14, 41 The HG could therefore be a unique and excellent model for a survey of signaling pathways in a single organ. A state-of-the-art technology combining complementary IMAC +4 and TiO 2 chromatography for phosphopeptide enrichment and highaccuracy mass spectrometric characterization was employed. We identified thousands of phosphorylation sites in HG proteins, demonstrating that this current strategy is effective for exploring the honeybee phosphoproteome in unprecedented depth. A holistic view of the HG phosphoproteome reveals that a large proportion of cellular proteins are phosphorylated during the course of HG development. Almost 60% of proteins were phosphorylated in a single phosphorylation site, suggesting that the majority of a protein's function in the HG is regulated by a single pathway or that a protein's cellular activity is achieved at single distinct sites to fulfill the function of the HG. For those multiply phosphorylated proteins, they may not necessarily occur on single protein molecules concurrently. Were they to do so, a single protein's cellular activities and interactions could arise from independent kinase regulation at distinct sites via multiple pathways. After analyzing phosphorylation events at various time points throughout HG development, a number of general interests have come to light. (4) Both individual proteins and the entire phophoproteome display age-specific phosphorylation. All of these facts clearly suggest that phosphorylation networks start to rise upon physiological demand to optimize cell performance of the HG in different developmental stages. The substantial evidence in support of age-specific phosphorylation in the HG is evident in the following cases. First, the distinct phosphorylation profiles identified at the three time-points of HG development suggest that phosphorylation signaling within the HG cells acts in accordance with the very distinct physiological roles of the worker bees; that is, the nurse HG mainly secrets RJ to feed the brood, while the forager HG mainly secrets enzymes for the conversion of nectars into honey. 6 The highest numbers of phosphopeptides, phosphorylation sites, and phosphoproteins are identified in nurses, indicating that high RJ-secretion activity in the HG activates the complex phosphorylation networks to boost the ability of RJ secretion. Similarly, higher numbers in the forager HG are indicative of phosphorylation signaling networks still active in HG secretory cells, priming the forager for efficient conversion of nectar into honey; however, the low number in newly emerged bees suggests the fact that the young HG employs a relatively simple signaling cascade that initiates the main task of cell growth and proliferation at this age. Second, the observed similarity of the extent of phosphorylated proteins in the HG of nurses and foragers and a relatively low extent in newly emerged bees indicate that the different ages of HG employ distinct phosphorylation events to consolidate this agedependent physiology. For example, some proteins with a high number of phosphorylation sites varied in the extent of residue phosphorylation at different time points: zinc finger CCCH domain-containing protein 18 isoform X4 (18, 16 , and 17 sites in newly emerged bees, nurses, and foragers respectively) is implicated in transcriptional machinery; serine/arginine repet- 
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Article itive matrix protein 2-like isoform X3 (11, 11 , and 9 sites in newly emerged, nurse, and forager respectively) is involved in mRNA splicing; and cyclin-dependent kinase 12-like isoform X2 (12, 8 , and 13 sites in newly emerged, nurse, and forager respectively) is associated with mRNA processing, regulating transcription, and the differentiation of cells. 42 Third, the presence of only two site classes and the distinctive age-specific profiles of kinome suggest that their activity depends upon many up and down stream intracellular and extracellular regulatory processes. Lastly, age-dependent phosphorylation events in the HG can be reflected in the age-specifically enriched and activated functional categories as well as distinct network expression. As the workers emerge from their cells in the comb, their glands are already fully formed but not fully developed.
14 The HG attains its maximum size in nurses immediately after their emergence and reduces its size in the forager. 3 It is thus clear that cells in the young HG are still growing and differentiating to get ready to enter the secretory phase. To this effect, the highly activated category of the regulation of cell size, in both newly emerged bees and nurses, indicates that phosphorylation events are vital for the maintenance of cell shaping of the HG in response to gland growth and RJ secretion. Similarly, the highly induced category of the positive regulation of cellular catabolic processes in the 
Article forager matches the fact that the gland at this age is converting polysaccharide nectar into monosaccharide honey. Another example is the ribosome pathway, a central signaling pathway for protein synthesis in the secretion of RJ proteins in the HG. The shared enrichment of ribosome pathways across the three time-points of the HG phosphoproteome reflects its fundamental role in solidifying the function of the HG as a protein biosynthesis center for RJ secretion; however, this pathway is tightly controlled by phosphorylation events reflected as age-specific expressions of different ribosome subunits. For example, larger subunits are more abundant in nurse and forager HGs. As an important mechanism for translational regulation, the phosphorylation of ribosomal proteins has been studied intensively in the regulation of protein synthesis or translational regulation. 43−45 It is therefore tempting to speculate that the phosphorylation event regulates the ribosomal proteins at a specific time to control the translational machinery switch "on" or "off" by phosphorylation and dephosphorylation of different ribosome subunits and in turn modulate protein synthesis. The validated expression tendency between the protein and gene of LP1 and LP2 suggests that their protein phosphorylation and gene expression may have the same directions in regulating functionality in the translational machinery in the HG, thus providing potential clues for the investigation into the functionality of a phosphorylated specific protein in regulating the physiological changes of the HG. The wts pathway is functionally important in regulating autophagy, 46 maintaining energy homeostasis, promoting cell survival, and development in living cells. 47−49 The fact that phosphorylated proteins are observed only in the wts pathway of the nurses and foragers suggests that phosphorylation is key to the wts pathway realizing the above roles for normal function of the HG at different ages.
Protein Phosphorylation is Independent of Its Expression but Complementary to the Proteome Profiles
When comparing our phosphoproteome with nonphosphoproteomes in the HG, several interesting points are found. These notions are supported by the subsequent facts. First, the observed, divergent expression profiles of phosphoproteome and proteome and drastically varied expression levels of phosphoproteins relative to the stable abundance level of their unmodified forms of the shared proteins, suggests that the protein abundance and phosphorylation levels are not correlated, or protein phosphorylation is regulated independently of its expression. For instance, among those proteins with consistent or inconsistent expression levels between phosphorylated and nonphosphorylated proteins, such as myb protein X, and eukaryotic translation initiation factor 4 gamma, the abundance level of the individual phosphorylation sites for each protein was significantly varied at different ages of HG. Second, the complementarily enriched functional classes are found in both young and nurse bees in phosphoproteome, such as pyruvate metabolic process, muscle cell development, and pole plasm mRNA localization, whereas only the first two classes enriched in foragers in a nonphosphoproteome. These facts imply that the phosphoproteome and proteome are required to play complementary biological roles to underpin the unique age-dependent physiology of the HG. This notion is further supported by the complementary kinome profiles and kinase expression. These observations are consistent with the findings that the phosphoproteins and their unmodified forms function in a complementary manner to prime the normal physiological running of living organisms. 25 This is also similar to our recent findings that the phosphorylated MRJPs and their unmodified forms in RJ produced by Western and Eastern honeybees employ complementary phosphorylation strategies to achieve their roles as nutrient and immune agents. 21, 50 A representative protein functioning in a complementary way in both a phosphorylated and nonphosphorylated form is protein kinase C, an enzyme that transmits a myriad of signals to promote phospholipid hydrolysis in cells. 51 Protein kinase C (PKC) must be processed by a series of ordered phosphorylations that are required for the enzyme to gain catalytic competence and correct intracellular localization to achieve this function in signal transduction. 51, 52 Often the activation of PKC is required by the upstream kinase phosphoinositide-dependent kinase (PDK-1). Although nonphosphorylated species of PKC are not capable of signaling, they are positioned at the cell membrane in a conformation as a target for phosphorylation by PDK-1. 53 Therefore, the presence of both phosphorylated and nonphosphorylated PKC may prime the enzyme for catalytic activity in the HG. The existence of phosphorylated kinases and their unmodified forms indicates that most kinases in the HG may be regulated by either interacting with proteins or through specific phosphorylation events, mediated by other protein kinases as signaling hubs during the HG development. Because the phosphorylation states of protein kinases can provide a readout for the signaling activities within a cellular system, these observations have the potential to become an important avenue for further study to reveal the signal transductions that drive age-dependent HG function. Together, these observations are a manifestation of the facts that the protein phosphorylation is independent of its expression, and the complementary protein and phosphoprotein expression profiles are required to drive the unique physiology of secretory activity in the HG.
Future Utilizations of Phosphorylation Data
To our knowledge, this is the first large-scale documentation of in vivo patterns of expression and phosphorylation for almost 1000 proteins in the HG of honeybee workers. The mapping of phosphorylation sites and quantifying site abundance changes are vitally important initial steps to better understand the biological functions of proteins. For instance, the function of tyrosine phosphatase, Ptp61F, has been implicated in the involvement of the regulation of actin reorganization and remodeling in Drosophilae, 54 and the activation of protein kinase is required for phosphorylation at the site of Thr 198 in mammalian cells. 55 Hence, our data offer an extended overview of phosphorylation and protein expression regulating temporal signaling networks over age development in the HG. This data set acts as sound evidence of downstream functions of these phosphorylated proteins and sites in honeybee biology and other social insects.
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